INTRODUCTION
Plant-pollination interactions are important in maintaining the biodiversity of terrestrial ecosystems, as many agricultural crops and wild plants rely intensively on pollinators such as bees to sustain their reproduction (Ashman et al., 2004; Klein et al., 2007; Garibaldi et al., 2011) . Empirical studies are providing overwhelming evidence of a global decline of pollinator abundance, a trend that is expected to disrupt ecosystem functions and services worldwide with negative impact on food security and rural livelihoods (Klein et al., 2007; Potts et al., 2010) . In particular, pollinator specialists are at a greater extinction risk because they rely on fewer plant species (Potts et al., 2010) . Multiple drivers have been invoked to explain pollinator declines, including habitat loss and fragmentation, climate change, pathogen infections, pesticide applications, reduction in floral resources, and environmental pollution (Goulson et al., 2008; Potts et al., 2010; Fuentes et al., 2016) .
The availability of resources such as soil water and nutrients, light, and physical space has significant impacts on vegetation dynamics in terrestrial ecosystems (Craine and Dybzinski, 2013) . For example, plant growth and development strongly depend on the availability of water and nutrients, which directly regulate ecophysiological processes such as photosynthesis and transpiration that are key to the metabolism of plants (Sibly et al., 2012) . Drought conditions can also affect plant population dynamics by altering plant-pollination interactions (Gallagher and Campbell, 2017; Phillips et al., 2018) . Experimental studies suggest that increasing drought stress may reduce plant photosynthetic assimilation and lead to a significant decline in resource allocation to reproduction, including the capacity of plants to attract pollinators. For example, reduced water availability negatively influences floral volatiles and decreases floral abundance, pollen quantity and quality, and nectar rewards (i.e., nectar volume and sugar concentration) (Halpern et al., 2010; Burkle and Runyon, 2016) , which further limits the visitation frequency of pollinators (Glenny et al., 2018) .
In addition, environmental disturbances such as habitat loss, fire, herbivory, and pesticide can directly influence plant-pollinator interactions (Potts et al., 2010) . Habitat loss and degradation has been considered as the most significant driver of pollinator declines (Potts et al., 2010) . Furthermore, herbivory may induce plants to produce fewer and smaller flowers with less nectar rewards (Caruso, 2006) , thus decreasing the floral attractiveness to pollinators (Schiller et al., 2000; Moreira et al., 2019) . Indirectly, the negative effect of herbivory on pollinator visitation can reduce plant reproductive success such as seed production and plant density, which in turn further influences pollinator behavior (Morgan et al., 2005; Burkle and Runyon, 2016) .
Many plant species tend to increase the probability of selfing compared with outcrossing under reduced pollinator visitation and resource-limited environmental conditions such as drought (Levin, 2010) . This shift in reproduction strategy can be attributed to the decreased plant population density due to water limitation, which raises the possibility of pollinator-mediated selfing (Morgan et al., 2005) . For example, environmental stress such as drought and nutrient deficiency may result in a reduction in floral abundance and nectar rewards thereby discouraging pollinator visits and outcrossing (Gallagher and Campbell, 2017) . Selfing usually causes significant declines in pollen quality/quantity and seed production, and eventually decreases plant population size because of inbreeding depression (Charlesworth and Charlesworth, 1987) . Therefore, a positive feedback exists between plant reproductivity and pollination, whereby a decrease in plant density increases the reliance on reproduction by selfing (instead of outcrossing), with the effect of reducing pollen quality and quantity and the consequent decline in pollinator abundance and plant density. We argue that this positive feedback may lead to the emergence of alternative stable states in pollinator-plant dynamics in the sense that the system can be stable both in a configuration with relatively high levels of plant density and pollinator abundance (''healthy'' ecosystem state) and with strongly depleted plant and pollinator populations (''degraded state''). Resource limitation and disturbance intensification may trigger an abrupt shift from the stable state of healthy ecosystem conditions with full plant cover and a sufficiently abundant pollinator community to the alternative stable state characterized by low plant and pollinator densities.
Despite some recent experimental evidence indicating strong effects of changes in soil water availability on plant-pollinator interactions (Gallagher and Campbell, 2017) , a theoretical framework to investigate the ecological impacts of resource dynamics and environmental disturbances on the stability of plant-pollinator dynamics is still missing. Bistability has been documented to occur in a variety of ecosystems, including arid and semiarid grasslands/shrublands, savannas/forests, arctic tundra/woodlands, and coastal environments (May, 1977; Scheffer et al., 2001; McGlathery et al., 2013; Huang et al., 2018) . These ecosystems can shift non-linearly from one stable state to another when the external forcing reaches a critical threshold (often termed ''tipping point'') (e.g., Ratajczak et al., 2018) . This state change can be highly irreversible and result in catastrophic degradation of ecosystem functions and services . Previous work has shown that tipping points may emerge in complex pollinator-plant systems as a result of the structure of mutualistic ecological networks (Jiang et al., 2019) . However, the ability of positive plantpollinator feedbacks (i.e., reduced pollinator abundance / inbreeding / reduced nectar quality / decline in pollinator abundance) to induce critical transitions in plant-pollinator systems has remained unexplored. Here we develop a minimalist process-based modeling framework to evaluate whether these feedbacks may lead to the emergence of alternative stable states and critical transitions in pollinator-vegetation dynamics and affect the ecological stability and resilience of plant-pollinator systems. Our goal is to capture the most fundamental biological processes that are involved in the response of plant-pollinator interactions to changes in environmental conditions.
In brief, we model the dynamics of plant population density (G) through a modified logistic growth equation with a carrying capacity K G . The intrinsic growth rate a of the logistic equation is modeled as accounting for both outcrossing and selfing, of which the latter causes a reduction in seed production due to inbreeding depression (Charlesworth and Charlesworth, 1987) . The pollinator population density (P) is also modeled by a logistic growth equation with a carrying capacity K P . P determines the visitation rate of pollinators and quantitatively alters the rates of selfing and outcrossing, thereby eventually affecting plant population dynamics. In addition, environmental disturbance can lead to declines in plant and pollinator population growth here expressed by the rates of c and k, respectively. More details about the modeling framework can be found in Transparent Methods.
RESULTS

Plant and Pollinator Dynamics under Different Conditions of Resource Availability and Disturbance
We first conducted phase-plane analyses (Holling, 1973) to study the transient behavior of the population dynamics of plant-pollinator systems by setting dG/dt = 0 and dP/dt = 0. The results show that the stability of plant-pollinator system is highly dependent on the resource availability, which is indicated by K G , and the intensity of environmental disturbance, c and k (Figure 1 ). For example, the system has two stable nodes and an unstable saddle point when c is relatively small ( Figures 1A and 1E ). However, with greater rates of environmental disturbance (without changing K G ) the dynamics exhibit only one stable node at the origin (0, 0) ( Figures 1D and 1H ). Likewise, a decrease in K G induced by resource deficiency may turn bistable plant-pollinator interactions into dynamics with only one stable attractor with G* = P* = 0 (Figures 1C and 1G) . In other words, both resource deficiency and environmental disturbance may reduce plant biomass below a critical level at which plant-pollinator feedbacks induce a critical transition to a ''depleted state'' with neither plant nor pollinator biomass. The trajectories in Figure 1 also suggest the existence of differences in transient plant-pollinator dynamics, depending on environmental conditions. For example, trajectory b, which starts with moderate plant and pollinator population densities, converges to the ''non-depleted'' stable state with relatively low rates of environmental disturbance ( Figures 1A  and 1E ), but leads to the collapse of both plant and pollinator populations with greater values of c and k ( Figures 1D and 1H ).
Bistable States of Plant and Pollinator Dynamics through Vegetation-Pollinator Feedbacks
To investigate the conditions underlying the occurrence of alternative stable states in plant-pollinator dynamics, we look at how P* and G* vary in response to continuous changes in resource availability (indicated by K G ) and disturbance intensity (c and k) ( Figure 2) . The results show that bistable dynamics may exist with moderate pressure from resource deficiency and disturbance (K G is not ''too low'' and c or k is not ''too high''). This means that the system can be stable both in a ''depleted state'' (P* = G* = 0) and in a ''nondepleted'' state able to sustain a community of plants and pollinators. In these cases, the system is bistable and can shift from one stable state to another following a disturbance.
Resilience is an attribute of a stable state of the system expressing its ability to recover after a disturbance. It depends on the size of the basin of attraction, i.e., the capacity of the system to remain in the same stable state under disturbance (Holling, 1973; Scheffer et al., 2001) , which can be quantified by the distance between the middle saddle point and the stable equilibrium point with P* and G* s 0. The resilience of both vegetation and pollinator dynamics increases with resource availability, indicating that, as resource availability increases, progressively greater perturbations are required to drive the ecological state shift to the ''depleted state'' (Figures 2A and 2B) . The resilience of both plant and pollinator populations in response to resource availability is also dependent on environmental disturbance because it decreases with increasing c, suggesting that disturbance increases the vulnerability of vegetation dynamics critical transitions in response to resource availability. Figures 2C-2F show how disturbance and plant-pollinator feedbacks induce bistability in plant and pollinator dynamics. The system has two stable states within a certain range of c and k depending on resource conditions. There exists a threshold value of c and k beyond which a critical transition to a stable state with no vegetation and pollinators occurs. The response of plant and pollinator dynamics to environmental disturbance varies with resource availability in the sense that critical transitions to the degraded state P* = G* = 0 occur when c or k exceeds a critical threshold whose value increases with increasing K G . Collectively, these results highlight how positive feedbacks inherent to plant-pollinator dynamics may induce non-linear behaviors such as bifurcations, bistability, and critical transitions, suggesting that the ongoing decline in pollinator abundance in regions experiencing vegetation loss may lead to an abrupt and highly irreversible shift to a degraded state with low plant and pollinator abundance.
DISCUSSION
This study provides the first theoretical framework to investigate to what extent a catastrophic population collapse could emerge in plant-pollinator systems as a result of the interaction between internal feedbacks and exogenous drivers such as resource availability and natural and anthropogenic disturbances. For example, a decline in resource availability can cause the shift in plant cover from a stable vegetated state to a stable state without vegetation cover. Changes in resource (e.g., soil water and nutrients) availability underlie some of the key mechanisms through which climate change influences vegetation dynamics (e.g., Gallagher and Campbell, 2017) . Variations in resource availability such as soil water content have important effects on plant-pollinator interactions through multiple pathways. Empirical studies have found that reductions in soil water content can result in a decrease in plant investments in reproduction (Gallagher and Campbell, 2017) . In fact, plants in drought conditions are likely to produce fewer and smaller flowers as well as poorer nectar rewards, thereby further decreasing pollinator visits and outcrossing rates (Caruso, 2006) . The consequent increasing reliance on selfing leads to inbreeding depression and further reduces pollen viability (e.g., Carr and Dudash, 1997) and the success of seed production (Charlesworth and Charlesworth, 1987) . The declining success of plant reproduction eventually negatively affects plant density and in turn reduces pollinator visitation rates (Ivey and Carr, 2005; Yeamans et al., 2014) , in a self-sustained positive feedback loop between vegetation and pollination ( Figure 3 ). The positive cycles in Figure 3 qualitatively indicate that plant-pollinator systems may be prone to critical transitions under changes in external drivers, because the existence of positive cycles in a diagraph (interaction graph) can induce state changes (Soulé , 2003; Mincheva and Roussel, 2007) .
Bistable plant-pollinator dynamics exist within a specific range of disturbance intensity (Figures 2C-2F) . Empirical evidence has shown that natural and anthropogenic disturbances can influence vegetation dynamics both directly through habitat loss and degradation and indirectly by affecting floral traits, pollinator behavior, and plant reproductive strategies (Caruso, 2006; Moreira et al., 2019) . Our simplified model captures this fundamental mechanism and demonstrates the non-linear response of vegetation and pollinator density to changes in disturbance. In addition, bistability is often associated with hysteresis such that the forward and backward transitions between ecological states differ. The existence of hysteresis in bistable plant-pollinator systems limits the ability to reverse them back to the original state after a transition (Ratajczak et al., 2018) . For example, our modeling results reveal that the system can switch from a stable state with vegetation cover and a sizable pollinator community to the unvegetated stable state and low pollinator abundance when K G = 0.7, c = 0.03, and k = 0. However, K G needs to increase to nearly 1 to allow the system to reverse back to the original stable state. This is consistent with previous work showing that changes in external drivers may lead to irreversible transitions in ecosystems (Walker et al., 1981) . Our modeling results are further supported by empirical evidence showing that in some dryland ecosystems the specialist bee fauna has declined significantly since the 1960s due to fragmentation and the consequent reduced floral resources (Cane et al., 2006) . Similar responses to changes in floral resources have been observed in the Arctic (Pradal et al., 2009) . Our findings suggest that the vegetation-pollinator feedbacks could play an important role in driving the catastrophic collapse of plant-pollinator networks under ongoing global change.
Changes in either resource availability and disturbance regime can significantly alter both the transient dynamics and stable equilibria of the system through complex biological processes regulating plant-pollinator interactions (Figure 1 ). Nearly 90% of flowering plant species rely on animals, especially insects for pollination, and decreases in either plant or pollinator population size may eventually cause the collapse of plant-pollinator systems (Biesmeijer, 2006; Fishman and Hadany, 2010) and the loss of the associated ecosystem functions and services across scales (Potts et al., 2010) . Previous work has investigated the direct causes of pollinator declines, focusing on the case in whichenvironmental changes such as habitat loss and degradation are the drivers of pollinator loss (Potts et al., 2010) . In this study we explored to what extent the combined effect of internal feedbacks and external drivers of disturbance may lead to critical transitions with the collapse of both plant and pollinator populations. Such a collapse can result either from a reduction in plant cover triggered by resource depletion or disturbance such as herbivory (controlled by the parameters K G and c in the model) or from a decline in pollinator density caused by disturbances such as pesticide (the parameter k) and sustained by plant-pollinator feedbacks.
Limitations of the Study
The findings of this study are based on the model output, and therefore experimental data from field or laboratory observations are needed to verify the modeling results, although the model has captured the fundamental biological processes involved in plant-pollinator interactions. As noted in the previous sections, to reduce the complexity of the system, our approach accounts neither for the diversity of plant and pollinator species nor for the nestedness of plant-pollinator networks. Nevertheless, this assumption allows us to develop a simplified framework to highlight how endogenous feedbacks can make plantpollinator systems prone to critical transitions leading to the collapse of both plants and pollinators. For instance, these assumptions are suitable for the investigation of highly specialized plant-pollinator systems in which several bee species are found to be pollen specialists of only one shrub species, which makes 
Transparent Methods
We model plant-pollinator dynamics considering the case of simple systems with low plant and pollinator diversity, such as those found in arid landscapes or areas affected by strong biodiversity losses. In these systems plant-pollinator dynamics can be modeled consideringfor the purposes of this study -only two state variables accounting for plant density (G) and pollinator density (P). Despite the obvious limitations in this coarse representation of plantpollinator systems (see discussion section), this approach lends itself to an analysis of the extent to which critical transitions could emerge in plant-pollinator dynamics as a result of resource deficiency or disturbance intensification in the presence of positive plant-pollinator feedbacks.
We model the change rate in plant density (G) using the logistic growth equation
where α is the intrinsic population growth rate and KG is the carrying capacity. KG reflects the maximum population density and is constrained by environmental resources such as soil water availability in the case of water-limited ecosystems. Therefore, we assume that KG varies with different resource levels and is considered as a variable in the model. Both G and KG are normalized with respect to the maximum value of the carrying capacity such that they both range from 0 to 1.
Many plant species rely on a combination of selfing and outcrossing for reproduction and tend to have a higher probability of outcrossing with respect to selfing under favorable environmental conditions due to inbreeding depression (Charlesworth and Charlesworth, 1987) .
Therefore, following Morgan et al. (2005) , α can be expressed as
where θ is the production rate of ovules fertilized through selfing with rate S(G) and outcrossing with rate T(G), ws represents the reduced success of seed production through selfing compared with outcrossing. Following previous studies (Lloyd, 1979; Morgan et al., 2005) , the rate of selfing and outcrossing can be expressed as
where b is the rate of autonomous selfing in the absence of pollinators, and V(G) is the visitation rate of pollinators and g(G) is the fraction of pollinator-induced self-fertilization. V(G) depends on population density of pollinators P (Morgan et al., 2005) , which can be modeled as
It is expected that pollinator-induced selfing will decrease with plant population density because pollinators prefer to visit different plant individuals at higher plant density and achieve optimal foraging strategies (Morgan et al., 2005) . Therefore
where g0 is pollinator-induced selfing when population density is very low and r is a constant determining the rate at which pollinator-induced selfing decreases with plant density. Thus
Equation (1) can be rewritten as
where we have included a linear loss term (with rate c) to account for the effect of natural or anthropogenic disturbance that acts as an external driver in our model. Here we assume that disturbance reduces plant biomass which may further result in the increased selfing probability and decreased pollinator visitation.
The high nestedness of plant-pollinator mutualistic networks has been widely recognized (Bascompte et al., 2003; Suweis et al., 2013) , suggesting that plant species pollinated by generalists are more likely to be specialists (Aizen and Harder, 2007) . 
where P is the pollinator density, σ is the intrinsic growth rate of pollinator population and KP is the maximum pollinator density that can be reached and k is the pollinator mortality rate caused directly by disturbances such as habitat loss and pesticide. We assume that KP is a function of G and g(G) because both plant population density and selfing rate can affect the quantity and quality of floral rewards and therefore the pollinator dynamics ( )
In other words, because pollinators such as bees feed on floral resources such as pollen and nectar, their carrying capacity increases with plant density (more plants produce more floral rewards) but decreases with increasing selfing fractions because selfing reduces the pollen quantity and quality in the sense that pollen and nectar become less nutritious (Griffin and Eckert, 2003; Aizen and Harder, 2007) . Notice that in Equation (7) KP is normalized between 0 and 1, P is the normalized pollinator density ranging between 0 and 1.
We parameterize the model and show whether changes in resource availability and intensity of disturbance can cause a non-linear shift in plant and pollinator populations.
According to Morgan et al. (2005) , we set θ = 1, ws = 0.6, b = 0.05, g0 = 1, r = 1, and σ = 1. We note that the model can be applied to different ecosystems given the generality of the inbreeding-reward-pollinator feedbacks.
